Introduction
============

Among FDA approved drugs, 75%--90% entities turn up with poor or pH dependent solubility along with high gastro intestinal tract degradation and pre-systemic clearance, that owes to low bioavailability.[@b1-ijn-10-321],[@b2-ijn-10-321] (Biopharmaceutical Classification System class II/IV drugs). The major challenge to a formulation scientist is to develop a simple dosage form with improved drug solubility that can help in both enhancement of bioavailability and minimizing the adverse effects. The oldest technique, by physical modification of active pharmaceutical ingredient is a key strategy to improve the solubility, especially for those moieties which exhibit dissolution rate limited bioavailability.[@b3-ijn-10-321] Nanosizing can be a non-specific approach to improve the bioavailability but is a proven principle paradigm to render an ideal pharmaceutical formulation.[@b4-ijn-10-321]

Atorvastatin (ATR) (\[R-(R\*,R\*)\]-2-(4-fluorophenyl)-β,δ-dihydroxy-5-(1-methylethyl)-3-phenyl-4-\[(phenylamino)carbonyl\]-1H-pyrrole-1-heptanoic acid, calcium salt (2:1) trihydrate), is a synthetic statin, acting as lipid lowering agent (Biopharmaceutical Classification System class II).[@b5-ijn-10-321] ATR is a potent inhibitor of 3-hydroxy-3-methylglutaryl-co enzyme A reductase, preventing the conversion into mevalonate, which is a rate limiting step in hepatic cholesterol biosynthesis.[@b6-ijn-10-321],[@b7-ijn-10-321] ATR is reported to have pH dependent solubility.[@b8-ijn-10-321] The drug undergoes high intestinal clearance and first-pass metabolism[@b9-ijn-10-321] resulting in low absolute and systemic bioavailability which is about 14% and 30%, respectively.[@b10-ijn-10-321],[@b11-ijn-10-321] Different formulation strategies for ATR have been reported to improve the solubility such as self-emulsifying drug delivery systems,[@b12-ijn-10-321] self-micro emulsifying drug delivery systems,[@b13-ijn-10-321] self-nano emulsifying drug delivery systems,[@b14-ijn-10-321] conversion into amorphous nanoparticles using supercritical anti-solvent process,[@b15-ijn-10-321] and micronization using anti-solvent precipitation process,[@b16-ijn-10-321] but none of the formulation techniques were intended to modify or to enable sustain release of ATR along with limitations for their use.

Nanocrystals are nanosized (10--100 nm) pure form of drug in crystalline nature. Drug nanocrystals stand out from vesicular systems (liposomes) by several advantages like high loading capacity, stability, with scale up ease, and cost effectiveness.[@b17-ijn-10-321] Nanosizing leads to increased surface area, exposing more surfaces which increases the saturation solubility and enhances the dissolution velocity according to Noyes--Whitney equation.[@b18-ijn-10-321]--[@b20-ijn-10-321] Micronization or nanosizing can also lead to substantial increase in Gibbs free energy making the formulation unstable. The inherent property of agglomeration within formulation dispersion is a process of stabilization. A stabilizer that can overcome the agglomeration by providing sufficient steric or electro static repulsion between particles should be chosen and opted for.[@b21-ijn-10-321] Until now, only few ionic surfactants (Cremophor^®^ RH 40, Tween^®^ 80) or non-ionic polymers (polyvinyl alcohol) individually or in combination have been examined in fabrication of nanocrystals or novel drug delivery systems. Earlier, the use of synthetic surfactants were reported with cytotoxicity effects due to high hydrophilic-lipophilic balance (HLB) value (HLB \>14), poor biodegradability and immunogenicity.[@b22-ijn-10-321] Identifying an ideal biodegradable stabilizer that can aid in the particle size reduction apart from stabilization of a nanocrystal formulation would be a breakthrough.[@b23-ijn-10-321]

Chitosan is a deacetylated product of chitin. The cationic charge polymer is biodegradable, biocompatible, non-immunogenic,[@b24-ijn-10-321] and non-toxic which aids its use in oral and intra-venous drug delivery systems.[@b25-ijn-10-321] With a pKa of 6.5, chitosan is slightly soluble in acidic medium but insoluble in neutral or alkaline medium.[@b26-ijn-10-321] Depending upon the degree of de-polymerization, chitosan is available as low molecular weight chitosan (CS~L~), medium molecular weight chitosan (CS~M~), and high molecular weight chitosan (CS~H~) with different cationic charge densities and viscosities.[@b27-ijn-10-321] The difference in cationic charge densities and stabilizer concentrations can have a significant effect on the fabrication of nanocrystals, stability, and its in-vivo performance. Recently, paclitaxel[@b28-ijn-10-321] and docetaxel[@b29-ijn-10-321] chitosan based conjugates have exhibited increased solubility, prolonged gastro intestinal tract retention, and ability to bypass first-pass metabolism with enhanced bioavailability.

Labrasol^®^ Gattefosse (Saint-Priest Cedex, France) is a non-ionic water dispersible surfactant (HLB 12) composed of well characterized polyethylene glycol esters, a small glyceride fraction and free polyethylene glycol esters. Labrasol's^®^ surfactive power increases the wettability of ATR hydrophobic sites and helps to enhance the intrinsic solubility.[@b30-ijn-10-321]

Our research is aimed to improve the intrinsic solubility, dissolution release, and bioavailability of ATR by modifying the drug's physical state characteristics by using nanocrystal technique. Investigating an ideal concentration/molecular weight/cationic charge of chitosan for size reduction and stabilization of nanocrystals can be a promising strategy to formulate biodegradable sustained release formulation of ATR. The lyophilized chitosan based ATR nanocrystals were characterized for particle size, charge, crystalline nature, and drug-excipient interactions. Solubility, intrinsic dissolution profiles in phosphate buffered saline (PBS) pH 7.4, and gastric stimulated fluid (GSF) pH 1.2 were examined. The in-vivo pharmacodynamic studies were also performed at determined pH to compare the therapeutic efficacy of ATR nanocrystals formulations over marketed product Lipitor^®^ (Pfizer, Inc., New York, NY, USA) as control.

Materials and methods
=====================

Materials
---------

Atorvastatin (ATR) was a gift sample from Jamjoom Pharma, Saudi Arabia. Chitosan of different molecular weights (CS~L~-40, CS~M~-480, CS~H~-850 kDa); viscosities (20, 200, and 800 cps); degree of deacetylation (92, 82, and 77) and poloxamer 407 were purchased from Sigma-Aldrich Co., St Louis, MO, USA. Labrasol^®^ was received as gift from Gattefosse Co. (Saint Priest Cedex, France). Lipitor^®^ (Pfizer. Inc., New York, NY, USA) 80 mg strip was a gift sample from King Abdulaziz Hospital, Saudi Arabia. Biochemical analysis kits to estimate total cholesterol, triglycerides, high density lipoprotein (HDL) and low density lipoprotein (LDL) levels were purchased from United Diagnostics Industry, Saudi Arabia. Organic solvents like acetonitrile, acetic acid, and methanol used were of analytical grade, purchased from Sigma-Aldrich Co. All other chemicals and solvents were of analytical grade. Deionized and distilled water was used throughout the study.

Preparation of ATR nanocrystals
-------------------------------

Nanocrystals were prepared by combination of anti-solvent precipitation process followed by probe sonication method.[@b31-ijn-10-321] Briefly, organic feeds were prepared by dissolving 80 mg of ATR and Labrasol^®^ (0.5% w/w) in methanol. Then the organic feeds were injected instanta neously into polymer solution containing chitosan and were pre-homogenized at 12,000 rpm for 2 minutes (Ultra-turrax T-25 1KA, Germany). The dispersion was further processed for particle size reduction using probe sonication (Sonics Vibra cell, VCX 750; Sonics & Materials, Inc., Newtown, CT, USA) at 20--23 kHz for 4 minutes to prepare 1% w/w ATR nanocrystals. The process was established and repeated to fabricate ATR nanocrystals using Labrasol^®^ alone and in combination with three different molecular weight chitosan (CS~L~, CS~M~, CS~H~). Further, the final colloidal dispersions of all batches were lyophilized (Christ alpha 1-2-LD plus, Germany) to obtain powder chitosan based ATR nanocrystals.

Aqueous solubility of ATR nanocrystals
--------------------------------------

Enhancement of saturation solubility of ATR after nano-sizing was determined by shake flask method using orbital shaking incubator (GFL 1083; GFL, Burgwedel, Germany). Excess of pure ATR and different nanocrystal batches, ATR-L (ATR nanocrystals stabilized by Labrasol^®^ alone), ATR-CS~L~, CS~M~ and CS~H~ were added to deionized water (10 mL). The solutions were transferred into individual flasks, sealed and shaken at 37°C±0.5°C for 72 hours.[@b32-ijn-10-321] After the attainment of equilibrium, 5 mL of aliquots were withdrawn, centrifuged 15,000 rpm for 15 minutes (Sigma-Aldrich Co.) and filtered using 0.10 μm membrane filter before high performance liquid chromatography (HPLC) analysis. All the samples were analyzed in triplicate (n=3).

Characterization of ATR nanocrystals
------------------------------------

### Particle size analysis

The particle size and polydispersity index were determined by photon correlation spectroscopy using Zetasizer NanoZS (Zetatrac NPA 152-31A, USA) at 25°C. The lyophilized ATR nanocrystals were redispersed with 5 mL distilled water in order to obtain accurate scattering intensity before the measurement. All the samples were analyzed in triplicate (n=3).

### Zeta potential analysis

The particle charge was measured by determining the particle electrophoretic mobility using Zetasizer NanoZS (Zetatrac NPA 152-31A) at 25°C. The values were calculated using Helmholtz--Smoluchowski equation. The lyophilized ATR nanocrystals were diluted 80 times with filtered deionized water to obtain ideal concentration range for optimal measurement.[@b23-ijn-10-321] (Viscosity values of the dispersion media were made less than equivalent to water \[1.0 mPas\] at 25°C).

### Particle morphology

The Surface morphology was characterized by using scanning electron microscope (SEM) (Carl Zeiss Meditec AG, Jena, Germany). The lyophilized nanocrystals were carefully fixed onto the double sided tape of aluminum stub and coated with gold for 5 minutes under vacuum. The morphology of nanocrystals was examined and recorded.

### Crystalline studies

The change in the thermal properties of pure ATR, chitosan, ATR-L, and ATR-CS~L~ nanocrystal formulations before and after size reduction were recorded using DSC 131 EVO, SETARAM Instrumentation, Caluire, France. Three milligrams of each sample was placed onto the aluminum crucible and sealed. The thermograms were recorded at a scanning rate from 35°C to 300°C with an increase of 10°C/min. X-ray powder diffractometry conformational changes in the crystalline state of ATR, excipients, and lyophilized ATR nanocrystals were investigated by using D8 Advance, Bruker AXS Inc., Madison, WI, USA. The instrument was operated at scanning rate of 1°/min for 2θ of 70°.

### Drug-excipient interaction studies

In order to investigate the extent of drug-excipient compatibility, Fourier transform-infrared (FT-IR) spectra of pure ATR, chitosan, ATR-L, and ATR-CS~L~ nanocrystals were recorded within the spectral region of 4,000 and 400 cm^−1^ (Alpha T, Bruker AXS Inc.). Infra red (IR) pellets were made by compressing the mixture of IR grade potassium bromide along with sample in the ratio of 1:100.

In-vitro dissolution studies
----------------------------

Dissolution studies were evaluated according to USP Apparatus II method using ERWEKA DT 700 LH, Germany. Pure ATR, ATR-L, and ATR-CS~L~ nanocrystals, equivalent to 80 mg of ATR, were filled into 00\# gelatin capsules. The capsules filled with nanocrystal formulations were placed inside the dissolution flask, with 900 mL of PBS (pH 7.4) and GSF (pH 1.2) with constant stirring rate of 50 rpm at 37°C. Five milliliters of samples were withdrawn at 0.5, 1, 2, 4, 6, 8, 10, and 12 hours respectively and immediately replaced with respective dissolution media in order to maintain sink conditions.[@b32-ijn-10-321] The samples were filtered through 0.10 μm filter membranes before HPLC analysis. The dissolution profiles were drawn and summarized in comparison with marketed product ie, 80 mg Lipitor^®^ as standard. All the samples were analyzed in triplicate (n=3).

In-vivo anti-hyperlipidemic efficacy studies
--------------------------------------------

The animal studies were approved and performed in accordance with guidelines of Animal Research Ethical Committee of King Abdulaziz University, Faculty of Medicine, Saudi Arabia. Male Wistar rats (220--300 g) were divided into six groups having six animals each. Group I -- untreated as negative control.Group II -- poloxamer 407 induced hyperlipidemic as positive control.Group III -- poloxamer 407 induced hyperlipidemic treated with ATR-L formulation.Group IV -- poloxamer 407 induced hyperlipidemic treated with ATR-CS~L~ formulation at pH 5.Group V -- poloxamer 407 induced hyperlipidemic treated with ATR-CS~L~ formulation at pH 6.Group VI -- poloxamer 407 induced hyperlipidemic treated with Lipitor^®^ as standard.

In order to induce hyperlipidemia, the animals were injected intraperitoneally with 0.25 g/kg poloxamer 407, (Sigma-Aldrich Co.) which was dissolved in 0.9% saline.[@b33-ijn-10-321] Eighteen gauge feeding needle was used for oral dosing of ATR nanocrystal formulations to the animals. Blood samples were withdrawn from retro-orbital sinus plexus at intervals of 0, 24, 48, and 72 hours. The blood samples were collected and preserved in vacutainer tubes. The serum was separated by centrifugation at 10,000 rpm for 5 minutes (Sigma 3 K30, Germany). Further biochemical analysis for extent of inhibition and estimation of total serum cholesterol, triglycerides, LDL, and HDL was done using diagnostic kits (United Diagnostics, Saudi Arabia). Statistical analysis of the collected data was performed using one way analysis of variance (ANOVA).

HPLC analysis of ATR
--------------------

Newer reverse phase HPLC method was developed and validated according to International Conference of Harmonisation guidelines Q2 (R1)[@b34-ijn-10-321] in order to quantify, as well as determine the saturation solubility and dissolution rates of the ATR nanocrystal formulations.[@b35-ijn-10-321] The HPLC auto sampler system (Agilent Series 1200; Agilent Technologies, Santa Clara, CA, USA) was equipped with 1260 Infinity Diode Array (80 Hz) detector and Eclipse XDB^®^ 5 μm (4.6×150 mm) column. A mobile phase as a combination of acetonitrile-buffer (0.025 M potassium dihydrogen orthophosphate of pH 5) (45:55 v/v) with a flow rate of 1.5 mL/min was used. The injection volume was 5 μL and the ATR concentration was determined at 247 nm.

Stability studies
-----------------

In order to assess the role of cationic charge over physical stability of ATR nanocrystals, short-term stability studies were performed according to International Conference of Harmonisation guidelines.[@b36-ijn-10-321] The optimized nanocrystal formulations, ATR-L and ATR-CS~L~ in dry powder form were filled in each glass vial and sealed. Individual vials were stored at elevated temperatures like 4, 25, and 40°C for 90 days in stability chamber (CHM 10S; REMI Laboratory Instruments, Mumbai, India). The samples were analyzed at 0 and 90 days. The formulations were examined for physical stability in terms of change in particle size and zeta potential.

Statistical analysis
====================

All results are depicted as the mean value ± standard deviation. Significance of difference was evaluated using one way ANOVA at probability level of 0.05.

Results and discussion
======================

The fabrication process was optimized to obtain uniform particle size ATR nanocrystals. A combinatorial approach as anti-solvent precipitation followed by probe sonication method was evaluated and optimized. The drop wise addition of drug solution into stabilizer dispersion had efficiently precipitated the ATR as crystals due to the interference with intrinsic solubility of the drug. The colloidal solution was probe sonicated for particle size reduction ie, top-down approach[@b19-ijn-10-321] and further lyophilized. Optimization of probe sonication time was a critical factor in the size reduction process and nanocrystals' fabrication. In early stages, particles in 1,054±74 nm range were obtained for 3 minutes, while increase in sonication time to 6 minutes showed increase in particle size reduction of about 364±15 nm. However, further increase up to 9 minutes could not reduce particle size but resulted in agglomeration process. Therefore, 6 minutes of probe sonication was sufficient to get uniform particle size and was considered optimum throughout the experimental design.

Effect of surfactant
--------------------

Surfactant:polymer ratio plays a vital role in the preparation of nanocrystal formulation. Surfactant helps in enhancing the solubility, by providing sufficient wetting of ATR hydrophobic surfaces. A surfactant with HLB ≤14 is safer for human use.[@b22-ijn-10-321] Few non-ionic polymers and surfactants such as poly vinyl alcohol and Tween 40, 80 were also examined initially but resulted in larger particle size and agglomeration. For this purpose and concern, Labrasol^®^ as newer non-ionic water surfactant (HLB 12) was investigated in the present work. Preliminary studies were carried out on the stabilizing potential of Labrasol^®^ in the nanocrystal formulation and 0.5% w/w was selected as optimized concentration throughout the work. Moreover 0.5% w/w concentration was earlier assessed for cytotoxicity and proved to be safe for human use.[@b22-ijn-10-321] Interestingly, 0.5% w/w concentration exhibited profound effects by increasing the solubility of ATR but the particle size obtained with Labrasol^®^ alone was relatively very large \~600 nm. Also the nanocrystals exhibited slight negative charge with sedimentation after 4 days of preparation due to the Brownian movement; this phenomenon proved that wettability of hydrophobic surfaces of ATR alone is not sufficient to prevent sedimentation or particle size reduction. This also implicated the need and importance of suitable stabilizer within formulation that can inhibit the Ostwald aggregation. Cationic charge polymers are expected to be adsorbed on the surface of particles providing electrostatic or steric repulsions preventing the aggregation. Therefore, chitosan in different molecular weights having varied cationic charge densities were investigated for its role in nanocrystal stabilization in combination with Labrasol^®^.

Effect of chitosan concentration
--------------------------------

In the preliminary studies, CS~L~ was considered as stabilizer due to its lower cationic charge, in order to study the significant impact of polymer over particle size reduction and stability. Different concentrations of CS~L~ with substantial increase of 0.05% (w/w) were evaluated in order to optimize nanocrystals. The produced nanocrystals were measured for mean particle size and zeta potential respectively ([Figure 1](#f1-ijn-10-321){ref-type="fig"}). As the concentration of CS~L~ was increased, the zeta potential also increased and leveled off at 0.3% w/w indicating equilibrium point of polymer adsorption. The reduction in size and zeta potential were found to be increased with marginal increase of CS~L~ concentration (0.05% \[w/w\]) majorly due to electrostatic stabilization. But further increase of CS~L~ concentration to 0.4 and 0.5% (w/w) resulted in higher particle size and agglomeration. Based on these studies, chitosan of 0.3% (w/w) concentration was established as optimum for preparation of ATR nanocrystal formulations throughout the study.

Effect of chitosan molecular weight
-----------------------------------

Cationic charge density is directly proportional to the molecular weight of the respective chitosan. Indeed they exhibit different adsorption properties over the drug surfaces. In order to determine the effect of different molecular weight on size reduction, agglomeration and stability 0.3% (w/w) was kept as optimum concentration for fabrication of ATR-CS~L~, CS~M~, and CS~H~ nanocrystals~.~ The particle size of ATR-L was found significantly greater than ATR nanocrystals stabilized by CS~L~, CS~M~, and CS~H~ majorly due to the absence of cationic polymer steric protection effect. It was clearly evident that zeta potential was increased up from 21 to 32.19 meV among ATR-CS~L~ to CS~H~ indicating that steric protection effect was subsequently increased with marginal increase in molecular weights of chitosan. Therefore, variation in the average mean of particle size was observed and found to be increased from CS~L~ to CS~H~ ie, 340 to 440 nm. Moreover, the sizes of particles of nanocrystals stabilized with CS~L~ were much smaller when compared to CS~M~ and CS~H~ ([Table 1](#t1-ijn-10-321){ref-type="table"}).

Effect of polymer charge density
--------------------------------

Different molecular weights of chitosan (CS~L~, CS~M~, and CS~H~) were selected to investigate the effect of the cationic charge density on particle size reduction. Despite the difference in charge densities, similar trend of particle size and zeta potential values was observed and even the equilibrium adsorption concentration of CS~M~ and CS~H~ were almost the same as that of CS~L~ ([Figure 2](#f2-ijn-10-321){ref-type="fig"}). But there was a noticeable increase in the surface charge of ATR-CS~H~ nanocrystals and the extent of size reduction was different and lower compared to CS~L~/CS~M~ ([Table 1](#t1-ijn-10-321){ref-type="table"}). The zeta potential values of nanocrystals were in the order of CS~H~ \> CS~M~\> CS~L~. Among others, cationic charge density of CS~L~ has excelled in significant size reduction by providing sufficient surface charge and better electrostatic stabilization. Therefore, ATR nanocrystals stabilized by 0.3% (w/w) CS~L~ were selected for further characterizations and evaluations in the study.

Solubility studies
------------------

The aqueous solubility of pure ATR, ATR-L, ATR-CS~L~, ATR-CS~M~, and ATR-CS~H~ nanocrystals was found to be 24.5; 495.6; 1,456.1; 1,143.2; and 1,079.6 μg/mL respectively. As the particle size was reduced, the surface area of the particles was increased, thereby enhancing the drug saturation solubility.[@b20-ijn-10-321] ATR-CS~L~ nanocrystal formulation solubility was increased approximately 60-fold when compared to pure ATR and ATR-L. The improved solubility of ATR was a collective effect attributed to the presence of Labrasol^®^ as surfactant and cationic charge polymer size reduction. Therefore, ATR-CS~L~ nanocrystal formulation was selected for further studies, since it showed significantly higher solubility profile when compared to ATR-L, ATR-CS~M~, and ATR-CS~H~ formulations. The enhancement of ATR solubility will greatly affect the in-vitro dissolution behavior of the ATR nanocrystal formulation.

Morphology studies
------------------

The surface morphology before and after the cationic charge nanonization of ATR was examined using scanning electron microscopy. The scanning electron microscopy images of nanocrystal formulations revealed rough scaffold-like structures with high surface area. The particle size was greatly reduced with smooth surfaces by probe sonication when compared to unmodified ATR or pure drug. The crystals of ATR-CS~L~ formulation were different from others and the particles were greatly reduced in size with high surface area indicating multiple scaffold-like structures ([Figure 3](#f3-ijn-10-321){ref-type="fig"}). This could be the major reason for enhanced aqueous solubility of ATR-CS~L~ when compared to other nanocrystal formulations.

Crystalline studies
-------------------

The existence of ATR in crystalline state is a principle indicator, which determines the extent of nanocrystal solubility. Differential scanning calorimetry (DSC) thermograms were recorded both before and after the cationic polymer nanosizing. The DSC revealed characteristic peaks of pure ATR (162.8°C), chitosan (111.6°C), ATR-L (132.1°C), and ATR-CS~L~ (137.2°C), physical mixture (164.4°C) respectively. The DSC curves of ATR-CS~L~ nanocrystal formulation as well as physical mixture were different indicating that the initial crystalline forms of drug and excipients were reversed ([Figure 4](#f4-ijn-10-321){ref-type="fig"}). Minor migration of peaks in the DSC curves of nanocrystal formulation might be due to heat capacity, heating rate, amount of substance that might have influenced the peak position and intensity leading to deviation. However, pure ATR alone and ATR-CS~L~ nanocrystal formulation show the same characteristic peak indicating no greater interaction between the compositions.

The X-ray powder diffractometry patterns of the pure ATR and that of cationic polymer stabilized nanocrystals were slightly different with few peaks. The pattern exhibited by pure ATR was highly crystalline in nature. As an example, the patterns of pure ATR showed characteristic peaks at 2θ=19.8, 25.34, 44.96, 52.07, 76.94, and 93.75 degrees respectively ([Figure 5](#f5-ijn-10-321){ref-type="fig"}). In contrary to this, patterns of ATR-CS~L~ and ATR-L nanocrystals were also quite similar but exhibited few extra peaks. These peaks were an indication of transformation into slight amorphous state, attributed majorly due to cationic charge size reduction. However, to reach the highest saturation solubility, nanosizing along with amorphous state is reported as ideal which was successfully achieved within nanocrystal formulation.[@b17-ijn-10-321]

FT-IR studies
-------------

The IR spectra of pure ATR showed characteristic peaks at 2,923.12 cm^−1^ (CH-stretching), 1,317.7 cm^−1^ (C-N-stretching), 3,435.1 cm^−1^ (N-H-stretching), 1,651.4 cm^−1^ (C=C bending), 1,051.6 cm^−1^ (O-H-bending) respectively. The spectrum of chitosan showed absorption bands at 1,496.4 cm^−1^ due to the presence of carboxylates (C=O). The spectrums of ATR-L and ATR-CS~L~ nanocrystals showed the same characteristic peaks at 2,923.12 cm^−1^ (CH-stretching), 1,317.7 cm^−1^ (C-N-stretching), 3,435.1 cm^−1^ (N-H-stretching), 1,651.4 cm^−1^ (C=C-bending), 1,051.6 cm^−1^ (O-H-bending) respectively ([Figure 6](#f6-ijn-10-321){ref-type="fig"}). No marked difference was observed in the absorption bands (chemical bond) of pure ATR and other ATR nanocrystal formulations. Therefore, the conducted FT-IR studies proved that no possible drug-excipient interactions exist within nanocrystal formulations.

In-vitro dissolution studies
----------------------------

In order to ascertain, whether the goal to enhance the ATR solubility by nanocrystal technique is achievable, in-vitro dissolution studies were conducted. The dissolution profile of ATR-L nanocrystals was enhanced due to the presence of Labrasol^®^ that has greatly helped in wettability of ATR hydrophobic sites. When compared to other nanocrystal formulations, ATR-L has shown faster dissolution rates of about 60% released within 5 hours. The effect was majorly due to the absence of polymer stabilizer that could have retarded the ATR release from nanocrystal formulations. Cationic charge size reduction by CS~L~ had not only greatly enhanced the dissolution rates of ATR nanocrystals but was also able to retard ATR release for a longer duration of time ie, 40% in 5 hours and 57% in 6 hours when compared to marketed product Lipitor^®^ about 79% in 5 hours and 88% in 6 hours respectively ([Figure 7](#f7-ijn-10-321){ref-type="fig"}).

The release of ATR from ATR-CS~L~ nanocrystal formulation in the dissolution media PBS pH 7.4 was much faster when compared to GSF pH 1.2. The possible reason for slower ATR release is majorly due to CS~L~ adsorption and swelling behavior of nanocrystals in acidic medium (pH 1.2). The determined release profiles were characterized by indicating sustained release of ATR from CS~L~ based nanocrystals. The sustained profile can be potentially beneficial in anti-hyperlipidemia therapy because CS~L~ helps in prolonged circulation of nanocrystals within the systemic circulation thereby enhancing the bioavailability of ATR. Moreover, use of chitosan in oral or parenteral drug delivery design is safe with no cytotoxicity or accumulation in major tissue or organs reported due to its biodegradability and non-immunogenic properties.[@b25-ijn-10-321]

In-vivo anti-hyperlipidemic efficacy studies
--------------------------------------------

The measure of hyperlipidemia by closely monitoring the serum lipid levels is not only an invaluable quality tool to calculate the major health risk factors but also helps in prevention of cardiovascular diseases such as atherosclerosis, myocardial infarction, and stroke.[@b7-ijn-10-321] Poloxamer 407 is reported as non-ionic synthetic surfactant generally used and administered intraperitoneally to induce hyperlipidemia within 24 hours.[@b33-ijn-10-321] According to literature; 0.5 g/kg dose was considered for inducing hyperlipidemia in animals. The resultant increase in lipoprotein concentration was many folds higher due to difficulty in screening pharmacodynamics of ATR nanocrystal formulation. After certain trials, 0.25 g/kg was considered fixed dose to induce hyper-lipidemia in animals after 24 hours administration. Results indicated that marketed product Lipitor^®^ lowered cholesterol (67.12% inhibition), triglyceride (62.45% inhibition), HDL (47.53% inhibition), and LDL (67.23% inhibition) in 72 hours respectively. Nanocrystal formulation ATR-CS~L~ at pH 5 resulted in greater reduction of cholesterol (94.91% inhibition), triglyceride (96.12% inhibition), HDL (92.3% inhibition), LDL (99.21% inhibition) when compared to groups treated with ATR-L and ATR-CS~L~ at pH 6 formulations respectively ([Figure 8](#f8-ijn-10-321){ref-type="fig"}). The poor efficacy of ATR-L treated group after 72 hours was majorly related to larger particle size and faster elimination of nanocrystals due lack of polymer stabilizer.

pH of the solution plays a vital role in protonation degree of cationic charge polymer. The extent of electrostatic stabilization mechanism of the cationic polymer is proportional to the cationic charge density which influences the extent of particle size reduction. Favorable electrostatic stabilization enhances both in-vitro dissolution and in-vivo efficacy.[@b23-ijn-10-321] The anti-hyperlipidemic activity of ATR-CS~L~ nanocrystal formulation was found to be pH dependent. The pharmacodynamic activity of nanocrystal formulation at pH 5 was 2.5-fold higher when compared to pH 6 and marketed product Lipitor^®^. The enhanced in-vivo efficacy at pH 5 was majorly because of higher cationic charge nanosizing and adsorption causing prolonged circulation of nanocrystal in the blood stream, thereby increasing the plasma drug concentration (higher bioavailability) of ATR.

The results of statistical analysis of collected data using one-way ANOVA showed significant difference between Lipitor^®^ and optimized nanocrystal formulations ATR-L and ATR-CS~L~ at pH 5 and 6 respectively (*P*\<0.05). The experimental outcomes prove nanocrystal technique to be a promising strategy to formulate an oral sustained release dosage form of ATR with enhanced bioavailability and anti-hyperlipidemic efficacy.

Short-term stability studies
----------------------------

It was evident that size was greatly changed for ATR-L nanocrystals at 4 and 40°C due to occurrence of aggregation. The physical instability of ATR-L nanocrystals indicating change in size and zeta potential is due to lack of stabilizer that could not prevent aggregation by electrostatic repulsions between particles. However, ATR-CS~L~ formulation proved stable at 4 and 25°C indicating no possible change of size and zeta potential due to sufficient electrostatic and steric stabilization provided by cationic charge of chitosan over 90 days. At elevated temperature like 40°C, the nanocrystal system becomes more thermodynamically unfavorable and unstable resulting in aggregation of particles within ATR-L and ATR-CS~L~ formulations.[@b31-ijn-10-321] However, a more detailed assessment of stability is required for determining accurate shelf-life of ATR-CS~L~ nanocrystal formulations ([Table 2](#t2-ijn-10-321){ref-type="table"}).

Conclusion
==========

Novel oral chitosan based ATR nanocrystals formulation was successfully developed using a combination of anti-solvent and probe sonication method. The method used proved efficient in high drug loading, better size reduction, and cost-effectiveness. Different cationic charges of chitosan were successfully investigated over nanocrystal stabilization and size reduction. Low cationic charged chitosan proved to be effective in size reduction, enhancement of solubility and stability of nanocrystal formulations. The prepared nanocrystals were indicated as slightly amorphous with no possible drug excipient interaction. Nanocrystals formulated with low cationic density proved better stabilization in elevated temperatures when compared to nanocrystals stabilized only by Labrasol^®^. In-vivo anti-hyperlipidemic activity was found to be pH dependent and significantly (2.5-fold) higher at pH 5 when compared to pH 6 and marketed product Lipitor^®^. CS~L~ stabilized nanocrystals can be a promising strategy to formulate oral sustained release dosage forms in order to improve the bioavailability of major Biopharmaceutical Classification System II/IV drugs.
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![Zeta potential values of atorvastatin nanocrystal formulations stabilized by 0.5% Labrasol^®^ (w/w), with CS~L~, CS~M~, and CS~H~ of different concentrations at pH 5.\
**Note:** Labrasol^®^ (Gattefosse, Saint-Priest Cedex, France).\
**Abbreviations:** ATR, atorvastatin; CS, chitosan; CS~L~, low molecular weight chitosan; CS~M~, medium molecular weight chitosan; CS~H~, high molecular weight chitosan.](ijn-10-321Fig1){#f1-ijn-10-321}

![Particle size values of atorvastatin nanocrystal formulations stabilized by 0.5% Labrasol^®^ (w/w) with CS~L~, CS~M~, and CS~H~ of different concentrations at pH 5.\
**Note:** Labrasol^®^ (Gattefosse, Saint-Priest Cedex, France).\
**Abbreviations:** ATR, atorvastatin; CS, chitosan; CS~L~, low molecular weight chitosan; CS~M~, medium molecular weight chitosan; CS~H~, high molecular weight chitosan.](ijn-10-321Fig2){#f2-ijn-10-321}

![SEM images of pure ATR and cationic charge stabilized nanocrystal formulations.\
**Notes:** (**A**) pure ATR, (**B**) pure chitosan, (**C**) ATR-L (atorvastatin nanocrystals stabilized by Labrasol^®^ alone), (**D**) ATR-CS~L~, (**E**) ATR-CS~M~, (**F**) ATR-CS~H~. (Labrasol^®^; Gattefosse, Saint-Priest Cedex, France).\
**Abbreviations:** ATR, atorvastatin; CS, chitosan; CS~L~, low molecular weight chitosan; CS~M~, medium molecular weight chitosan; CS~H~, high molecular weight chitosan; SEM, scanning electron microscopy; mag, magnification.](ijn-10-321Fig3){#f3-ijn-10-321}

![Differential scanning calorimetry thermograms of pure ATR and chitosan stabilized nanocrystal formulations.\
**Note:** Labrasol^®^; Gattefosse, Saint-Priest Cedex, France.\
**Abbreviations:** ATR, atorvastatin; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone; CS, chitosan; CS~L~, low molecular weight chitosan.](ijn-10-321Fig4){#f4-ijn-10-321}

![X-RPD of pure ATR and chitosan stabilized nanocrystal formulations.\
**Note:** Labrasol^®^; Gattefosse, Saint-Priest Cedex, France.\
**Abbreviations:** au, arbitrary units; ATR, atorvastatin; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone; CS, chitosan; CS~L~, low molecular weight chitosan; X-RPD, X-ray powder diffractometry.](ijn-10-321Fig5){#f5-ijn-10-321}

![FT-IR spectra of pure ATR and cationic charge stabilized nanocrystal formulations.\
**Notes:** (**A**) pure ATR, (**B**) pure chitosan, (**C**) pure Labrasol^®^, (**D**) ATR-L, (**E**) ATR-CS~L~. (Labrasol^®^; Gattefosse, Saint-Priest Cedex, France).\
**Abbreviations:** FT-IR, Fourier transform-infrared; ATR, atorvastatin; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone; CS, chitosan; CS~L~, low molecular weight chitosan.](ijn-10-321Fig6){#f6-ijn-10-321}

![Percentage of cumulative drug release of nanocrystal formulations ATR-L, ATR-CS~L~, Lipitor^®^ in GSF pH 1.2 and phosphate buffer pH 7.4.\
**Notes:** Lipitor^®^ (Pfizer, Inc., New York, NY, USA); Labrasol^®^ (Gattefosse, Saint-Priest Cedex, France).\
**Abbreviations:** ATR, atorvastatin; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone; CS, chitosan; CS~L~, low molecular weight chitosan; GSF, gastric stimulated fluid; h, hour(s).](ijn-10-321Fig7){#f7-ijn-10-321}

###### 

Anti-hyperlipidemic activity (% inhibition) of cationic polymer stabilized nanocrystal formulations in comparison to Lipitor^®^.

**Notes:** (**A**) Total cholesterol, (**B**) total triglycerides, (**C**) total HDL, (**D**) total LDL. \*Is significantly different from −ve control at *P*\<0.05 while ^\#^Is significantly different from +ve control at *P*\<0.05. Lipitor^®^ (Pfizer, Inc., New York, NY, USA); Labrasol^®^ (Gattefosse, Saint-Priest Cedex, France).

**Abbreviations:** HDL, high density lipoprotein; LDL, low density lipoprotein; h, hour(s); ATR, atorvastatin; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone; CS, chitosan; CS~L~, low molecular weight chitosan.
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###### 

Properties of atorvastatin nanocrystals stabilized by Labrasol^®^ 0.5% (w/w) alone and along with 0.3% (w/w) cationic polymers (CS~L~, CS~M~, and CS~H~) (n=3)

  Formulations   Particle size (nm)   Polydispersity index   Zeta potential (mV)
  -------------- -------------------- ---------------------- ---------------------
  ATR-L          551.6±21.5           0.321±0.031            −14.26±1.5
  ATR-CS~L~      349.9±41.3           0.312±0.016            21.57±2.1
  ATR-CS~M~      392.5±27.6           0.298±0.018            27.21±2.6
  ATR-CS~H~      439.5±23.9           0.267±0.021            32.19±2.9

**Note:** Labrasol^®^; Gattefosse, Saint-Priest Cedex, France.

**Abbreviations:** ATR, atorvastatin; CS, chitosan; CS~L~, low molecular weight chitosan; CS~M~, medium molecular weight chitosan; CS~H~, high molecular weight chitosan; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone.

###### 

Change in particle size and zeta potential of ATR-L and ATR-CS~L~ nanocrystal formulations after 90 days during stability studies (n=3)

  Temperature                                                            Nanocrystal formulation                                   Particle size (nm)                                        Zeta potential (mV)
  ------------- -------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------
  4°C           0 day                                                    ATR-L                                                     549.6±11.5                                                −14.26±1.5
  ATR-CS~L~     345.9±21.2                                               21.57±2.1                                                                                                           
  90 days       ATR-L                                                    556.9±11.2[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}   −16.15±1.2[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}   
  ATR-CS~L~     380.2±9.5[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}   24.6±2.1[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}                                                               
  25°C          0 day                                                    ATR-L                                                     549.6±11.5                                                −14.26±1.5
  ATR-CS~L~     345.9±21.2                                               21.57±2.1                                                                                                           
  90 days       ATR-L                                                    546.2±6.1[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}    −21.6±1.4[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}    
  ATR-CS~L~     356.5±5.2[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}   23.6±2.2[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}                                                               
  40°C          0 day                                                    ATR-L                                                     549.6±11.5                                                −14.26±1.5
  ATR-CS~L~     345.9±21.2                                               21.57±2.1                                                                                                           
  90 days       ATR-L                                                    602.3±8.2[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}    −18.9±2.1[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}    
  ATR-CS~L~     410.2±8.6[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}   28.14±1.8[\*\*](#tfn3-ijn-10-321){ref-type="table-fn"}                                                              

**Notes:**

There was significant difference between day 0 and 90 days of storage (*P*\>0.05). Labrasol^®^; Gattefosse, Saint-Priest Cedex, France.

**Abbreviations:** ATR, atorvastatin; CS, chitosan; CS~L~, low molecular weight chitosan; ATR-L, atorvastatin nanocrystals stabilized by Labrasol^®^ alone.
